Temporality among episodes of a prostaglandin F2alpha metabolite (PGFM), progesterone (P4), luteinizing hormone (LH), and estradiol (E2) were studied during preluteolysis and luteolysis. A vehicle group (n ¼ 10) and a group with an E2-induced PGFM pulse (n ¼ 10) were used. Blood sampling was done every 0.25 h for 8 h. An episode was identified by comparing its coefficient of variation (CV) with the intra-assay CV. Pulsatility of PGFM, P4, LH, and E2 in individual heifers was inferred if the autocorrelation functions were different (P , 0.05) from zero. About four nonrhythmic fluctuations of PGFM/ 8 h were superimposed on PGFM pulses. Pulsatility was detected for LH but not for P4 and E2. A transient increase in P4 was not detected during the ascending portion of a PGFM pulse. Progesterone decreased (P , 0.003) during Hours À1.25 to À0.50 of the PGFM pulse (Hour 0 ¼ peak) and ceased to decrease temporally with an increase (P , 0.05) in LH. Maximum P4 concentration occurred 0.25 h after an LH pulse peak, and an increase (P , 0.005) in E2 began at the LH peak. Nadirs of LH pulses were greater (P , 0.05) and the nadir-to-nadir interval was shorter (P , 0.003) in the E2 group, which is consistent with reported characteristics during luteolysis. The results did not support the hypothesis of a transient P4 increase early in a PGFM pulse and indicated a balance between a luteolytic effect of PGF and a luteotropic effect of LH within the hours of a PGFM pulse.
INTRODUCTION
Luteolysis during the estrous cycle in ruminants involves the pulsatile secretion of prostaglandin F2a (PGF) from the endometrium [1] . Pulsatile secretion of PGF during the estrous cycle involves coordinated interactions among the ligands and receptors of oxytocin, progesterone (P4), and estradiol (E2) [2] . Secretion of PGF is often monitored by plasma concentrations of the PGF metabolite 13,14-dihydro-15-keto-PGF2a (PGFM). Based on oxytocin-induced PGFM concentrations in ovariectomized postpartum cows, both E2 and P4 are required for the timing of PGF secretion during the estrous cycle [3] . Treatment with progesterone early in the estrous cycle shortens the cycle in several species [4, 5] . Exposure of the uterus to P4 for 14 days but not 10 days stimulates secretion of PGF in cattle [6] . Estradiol from the developing follicles [7] [8] [9] [10] is also involved in the mechanism that leads to secretion of PGF in cattle. After exposure to P4 for 2 wk, a single injection of E2 induces PGF secretion within 6 h [6, 8, 11] . A dose of PGF or a PGF analogue that induces complete luteolysis with a single treatment causes an immediate transient increase in progesterone with peak concentration 10-15 min after treatment followed by a decrease [12] [13] [14] [15] . The transient increase may be a pharmacologic response to the single luteolytic dose of PGF in heifers [15] and mares [16] . Constant intrauterine infusion of PGF (0.5 mg during 2 h) in heifers was associated with a transient P4 increase [17] , but it is unknown whether a transient P4 increase occurs in association with natural episodic secretion of PGF.
In heifers, concentrations of P4 change dramatically within the hours of a spontaneous pulse of PGFM [15, [18] [19] [20] [21] . Late in preluteolysis or early in luteolysis, P4 decreases during the ascending portion of the PGFM pulse and rebounds during the descending portion. Treatment with E2 14 days after ovulation (before the expected beginning of luteolysis) induces a PGFM pulse with an intrapulse P4 decrease during the ascending portion of the pulse so that the P4 concentration is lowest at the PGFM peak [6, 11] . Concentration of P4 then transiently increases or rebounds.
Periodic balancing between a luteotropic effect of luteinizing hormone (LH) and the luteolytic effect of PGF has been proposed as a component of the processes that initiate luteolysis in cattle, based on hourly temporal interrelationships among PGFM, LH, and P4 [22] . When studied at hourly intervals, the peak of an LH pulse occurs at the same hour as the peak of a P4 fluctuation in most (e.g., 77%) fluctuations during preluteolysis, including the P4 rebound that occurs after the suppression at the peak of a PGFM pulse. In this regard, concentration of LH increases concomitantly with the P4 rebound that occurs 1 or 2 h after a bolus treatment with PGF or during PGF infusion to simulate a PGFM pulse [16] . During the P4 rebound after the peak of an E2-induced PGFM pulse, LH increases from the hour before to the hour after the E2-induced PGFM peak [11] . In association with a spontaneous PGFM pulse, LH increases in temporal association with the P4 rebound immediately after the progesterone suppression at the PGFM peak [22] .
P4 and E2 work independently or in concert to modulate the frequency of LH pulses [23, 24] . Pulses of LH affect P4 fluctuations during the midluteal phase [25] . Dependence of the corpus luteum on LH varies during different stages of the estrous cycle [26, 27] . LH is required for luteal development but not to maintain luteal function [27] . The life span of the corpus luteum is prolonged by LH treatment [28] , and LH is essential for P4 production [29] . Based on frequent blood sampling (e.g., every 10 or 15 min), peaks of a low frequency and high amplitude LH pulse occur about every 4 h during the midluteal phase [25, [30] [31] [32] .
A 1-h interval seems adequate for detection of LH pulses during preluteolysis, based on a limited comparison between 15-min and 1-h blood-sampling intervals [22] . All of seven LH pulses that were detected by 15-min sampling intervals were also detected by the hourly intervals. Concentrations of LH are elevated for !1 h during a pulse, accounting for detection when samples are collected hourly. However, frequent blood collections are necessary for study of the temporal relationships between the components of an LH episode (e.g., nadirs and peak) and the components of a P4 episode [22] . Episodes of PGF that induce a P4 decrease can be detected by hourly study of PGFM concentrations [33] , but it is unknown whether smaller episodes are superimposed on the PGFM pulses. Apparently the extent of pulsatility (rhythmicity) of P4 and E2 fluctuations has not been determined.
The present study used an E2-induced increase in PGFM and frequent blood-sampling intervals (every 15 min) to characterize pulsatility and the temporal interrelationships among the components of episodes of PGFM, LH, P4, and E2 in heifers. The objectives were: 1) to determine the reliability of hourly sampling intervals to detect pulses of LH, P4, and E2 during preluteolysis and changes in LH and P4 during an induced-PGFM pulse; 2) to assess the pulsatility of PGFM, LH, P4, and E2 in blood samples collected at 15-min intervals; 3) to determine the temporal relationships between the components of a pulse of LH and changes in concentrations of the associated P4 and E2 profiles; and 4) to test the hypothesis that an immediate transient increase in P4 occurs at the beginning of a PGFM pulse. Vehicle-and E2-treated heifers were used to assure the availability of heifers with minimal PGFM concentrations and heifers with a prominent PGFM pulse during an 8-h sampling session, respectively.
MATERIALS AND METHODS

Animals
Holstein heifers aged 17 to 20 mo and weighing 400 to 500 kg were used. The studies were done during May to July in the northern temperate zone. Animals were selected with no apparent abnormalities of the reproductive tract or double or undersized corpora lutea (,2 cm 2 ), as determined by ultrasonic examinations [34] . The animals were kept under natural light in an open shelter and outdoor paddock and were maintained by ad libitum access to a mixture of alfalfa and grass hay, water, and trace-mineralized salt. The day of ovulation was determined by daily transrectal ultrasonic examinations [34] . The animals were handled in accordance with the United States Department of Agriculture Guide for Care and Use of Agricultural Animals in Research.
Protocol
Estradiol-17b was prepared by dissolving 50 mg in 10 ml of benzyl alcohol and adding 40 ml of sesame oil, resulting in a stock solution of 1 mg/ml. The E2 dose of 0.1 mg was considered physiological based on reported titration studies in heifers that were similar in body weight and age to those in the present experiment [35] . The E2 dose produced circulating concentrations of E2 during the first hour after treatment that were comparable to maximal endogenous concentrations during a preovulatory E2 surge in heifers [6, 35] .
The characteristics of PGFM, LH, P4, and E2 episodes and the temporal relationships among hormones in the components of the episodes were studied on day 14 after ovulation in a vehicle group and an E2-treated group (n ¼ 10 heifers/group). Heifers in the vehicle group were given a single i.m. injection of 2 ml sesame oil, and heifers in the E2 group were given a single dose of 0.1 mg E2 in 2 ml of sesame oil. Episodes of E2 and the temporal relationships between E2 and LH were studied only in the vehicle group. Day 14 was considered the optimal day when spontaneous luteolysis has not begun and the length of prior exposure to endogenous P4 is adequate for stimulation of PGFM by a single injection of E2 [6] . In the evening of Day 13 or about 15 h before treatment, an indwelling catheter was inserted about 20 cm into a jugular vein and secured in place. Blood samples were collected every 15 min on Day 14 beginning at 0800 h. The 15-min samples were labeled by hour (i.e., 0.0, 0.25, 0.5, 0.75, etc.), and the last sample was at 8.0 h.
Mean concentrations of PGFM, LH, and P4 for each 0.25-h interval of the 8-h collection session (33 samples/session) were compared between the vehicle-and E2-treated groups, and E2 concentrations were studied in the vehicle group. Episodes of PGFM, LH, P4, and E2 were determined separately for 0.25-h and 1.0-h intervals. For this purpose in each heifer, a PGFM, LH, P4, or E2 fluctuation was evaluated independently for 0.25-h and 1.0-h intervals using the coefficient of variation (CV) of the individual fluctuations as described for PGFM [36] , FSH [37] , and P4 [31] . When the CV of the values comprising the fluctuation was at least three times greater than the intra-assay CV for PGFM, LH, and E2 and two times greater for P4, the fluctuation was considered an episodic event. The CV identification indicated that a fluctuation was not likely a result of extraneous factors, such as assay variation. Fluctuations with a minimum of three consecutive values (i.e., nadir, peak, nadir) were included in the CV evaluations for PGFM, LH, P4, and E2. In this regard, an LH episode with only three values at hourly intervals modulates P4 concentrations [22] . Nadirs 1 and 2 of an episode were defined as the values that began and ended, respectively, changes in concentrations that encompassed the peak of a fluctuation. The amplitude of an episode was the concentration at the peak minus the concentration at nadir 1.
Episodic secretion of PGFM was studied separately for 0.25-h and 1.0-h intervals to determine whether smaller episodes are superimposed on the larger episodes that have been reported for PGFM [33, 36] . The episodes of PGFM that were determined from samples collected hourly were defined as pulses [33, 36] , and the 0.25-h episodes were defined as CV-identified fluctuations. Episodes of LH, P4, and E2 were studied at 0.25-h and 1.0-h intervals to determine the reliability of 1-h blood collection intervals for detection of episodes. For LH, an episode was detected by both the 0.25-h and 1-h intervals, and the 0.25-h intervals were used for further study. The LH episodes were defined as pulses, owing to the agreement between 0.25-h and 1-h samples. For P4 and E2, detection of episodes by 1-h intervals was not considered adequate, and only the 0.25-h data were used in subsequent analyses. A pulsatility or rhythmicity program (see Statistical Analyses) was used for the concentrations of each hormone at 0.25-h intervals in each heifer. Pulsatility for P4 and E2 was detected (P , 0.05) in only one heifer for each hormone. Therefore, the CVidentified episodes of P4 and E2 were defined as CV-identified fluctuations and not as pulses. When the concentrations of P4 or E2 were centralized to the peak of a PGFM or LH pulse, the P4 or E2 concentrations were termed profiles and not episodes.
The temporal associations between an E2-induced pulse of PGFM and intrapulse changes in P4 and LH concentrations within the hours of a PGFM pulse were studied in blood samples collected at 0.25-h intervals without regard to whether LH or P4 values were part of an LH or P4 episode. For this purpose, the nadir at the beginning of each PGFM pulse was determined objectively in each heifer in the E2 group. The nadir was defined as occurring at the sample hour (at 0.25-h intervals) before two consecutive concentrations that were at least as great as the mean of the previous six samples plus two times the standard deviation of the six samples [38] . To study the temporal association between the PGFM nadir and concentrations of P4 and LH, the mathematically determined nadir was used for centralizing the profiles of P4 and LH; the profiles extended from 1 h before to 1.25 h after the nadir. The peak of the CVidentified PGFM fluctuation that was closest to the pulse peak was also used as a reference point (Hour 0), and P4 and LH profiles were studied from Hours À1.5 to 1.5. The mean interval between the PGFM nadir and the PGFM peak was a consideration in establishing the number of hours that were used after the nadir and before the peak. The relationship of the components of an LH pulse (0.25-h intervals) to the profiles of circulating concentrations of P4 and E2 were studied by centralizing the ovarian steroids to the peak (Hour 0) of each LH pulse with characterization of the profiles from Hours À1 to 2.
End points and comparisons between vehicle and E2 groups for LH and P4 and for E2 in the vehicle group in samples collected every 0.25 h were mean concentration/interval; the concentrations at 0.25-h intervals for CV-identified episodes were compared to the concentrations at 1-h intervals; comparison was made between vehicle and E2 groups when LH and P4 were centralized to the peaks of CV-identified episodes and also when P4 and E2 were centralized to the peak of LH pulses; comparison was made of the time of occurrence of the peak of an LH pulse on the components of the profile of the temporally associated P4 and E2 concentrations; overall concentrations of LH in LH pulses (mean and area under curve) were determined; concentrations of LH, P4, and E2 during various episodic components (nadirs, peak, and amplitude) were determined; length of intervals between episodic events (nadirs and peak) and length of intervals between components of successive episodes were analyzed. Episodes of the concentrations of LH, P4, and E2 were centralized to the peak of an episode (Hour 0), and means were depicted from Hours À1.0 to 2.0 without regard to the location of nadir concentrations in individual pulses. However, for the comparisons between samples collected at 0.25 and 1.0 h, data for each heifer were begun and terminated at the nadirs.
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Blood Samples and Hormone Assays
Blood samples were collected into heparinized tubes and immediately placed in ice water for 10 min before centrifuging (2000 3 g for 10 min). The plasma was decanted and stored (À208C) until they were assayed. Plasma samples were assayed for PGFM by an enzyme immunoassay that was developed and validated in our laboratory for use in bovine plasma [19] . The intra-and interassay CV and sensitivity were 4.6%, 18.8%, and 10.2 pg/ml, respectively. Plasma concentrations of LH were determined by radioimmunoassay (RIA) as described [39] and modified [40] for bovine plasma in our laboratory. The intra-and interassay CV and sensitivity were 9.0%, 13.4%, and 0.06 ng/ml. Plasma P4 concentrations were measured using a solid-phase RIA kit containing antibody-coated tubes and I
125
-labeled progesterone (Coat-ACount Progesterone; Diagnostic Products Corporation, Los Angeles, CA). The procedure has been validated and described in detail for bovine plasma in our laboratory [36] . The intra-and interassay CV and sensitivity were 6.2%, 8.8%, and 0.04 ng/ml, respectively. Plasma concentrations of E2 were measured as described and validated in our laboratory for cattle [41] , using a commercial RIA kit (Double Antibody Estradiol; Diagnostic Products Corporation). The intra-assay CV and sensitivity were 13.3% and 0.1 pg/ml, respectively.
Statistical Analyses
Data that were not normally distributed were transformed to natural logarithms or ranks. The CV-identified episodes of LH, P4, and E2 for 0.25-h and 1.0-h intervals were centralized at the episodic peak (Hour 0) and compared using an interval (0.25 and 1.0 h) by hour factorial analysis. Group (vehicle and E2-treated) by hour factorial analyses were done for the 0.25-h intervals and separately for the 1.0-h intervals for LH and for P4 centralized to the peak of the LH or P4 CV-identified episodes. The SAS PROC MIXED (Version 9.2) was used for the analyses with a REPEATED statement to account for autocorrelation between sequential measurements. The P4 profiles in 0.25-h samples resulting from centralizing P4 to the peak of an LH pulse were compared between groups by a similar factorial analysis. In addition, each component of the mean P4 profile (ascending portion, peak, descending portion) was analyzed separately to compare the effect of vehicle versus E2 on the LH-stimulated P4 profiles. The profile of E2 concentration normalized to the peak of an LH pulse in the vehicle group was examined by ANOVA. Least significant difference test was used to locate differences among minutes or hours within an interval (0.25 or 1.0 h) and within a treatment group. Differences between vehicle and E2 groups for discrete LH and P4 characteristics were analyzed by Student unpaired t-tests. Chi-square tests of independence and goodness-of-fit were used for frequency data. The pulsatility (rhythmicity) in concentrations of hormones and factors (PGFM) in the 0.25-h samples was determined for each heifer by estimating the autocorrelation function in the statistical program R [42] . If the value of the autocorrelation function was significantly different from zero for any interval, we inferred the presence of pulsatility (peak-to-peak) equal to that interval. In some heifers, only one peak was evident, so that the pulsatility could not be evaluated owing to a potential peak-to-peak interval longer than the length of the available time series. A probability of P 0.05 was used to determine significance, and P . 0.05 to P 0.1 indicated that significance was approached. Data are presented as the mean 6 SEM, unless otherwise indicated.
RESULTS
Mean concentration of PGFM at hourly intervals had effects (P , 0.0001) of hour, group (vehicle and E2), and an interaction of group by hour (Fig. 1) . In the E2 group, mean concentration began a sustained increase 2 h after treatment on Day 14 to a plateau that extended approximately from 4 to 7 h. A single CV-identified pulse of PGFM (1-h intervals) during the 8-h sessions was detected in 5 of 10 heifers in the vehicle group. In the E2 group, a single PGFM pulse was detected in 8 of the 10 heifers, and two pulses were detected in each of the remaining two heifers. The hour of the peak of the most prominent pulse in each of the 10 heifers is shown (mean for 10 heifers, 5.1 6 0.4 h). The peak concentration for the CVidentified PGFM pulse with the highest peak in each heifer was considerably more prominent in the E2 group (256 6 27 pg/ ml) than in the vehicle group (48 6 6 pg/ml).
In addition to the one or two PGFM pulses that were detected in the 1-h samples, two to seven small CV-identified PGFM fluctuations (Fig. 2) were detected in the 0.25-h samples in each heifer. The number/8 h of fluctuations and peak-topeak intervals between them were not different between the vehicle group (4.3 6 0.5 fluctuations at 1.4 6 0.1 h intervals) and the E2 group (4.0 6 0.5 fluctuations at 1.4 6 0.1 h intervals). The amplitude between nadir 1 and the peak was greater (P , 0.001) in the E2 group (102.0 6 22.0 pg/ml) than in the vehicle group (16.9 6 2.0 pg/ml). The number of CVidentified fluctuations for an 8-h session was different (P , 0.01) among four subgroups. The four subgroups consisted of two in the vehicle group (pulse present, 1.5 fluctuations/8 h; pulse absent, 2.4 fluctuations/8 h; P , 0.07) and two in the E2 group (pulse present, 3.2 fluctuations/8 h; pulse absent, 0.5 fluctuations/8 h; P , 0.008). Pulsatility of the CV-identified PGFM fluctuations was not significant in any of the 20 individual heifers during the 8-h session of blood collection every 0.25 h (33 samples).
When P4 was centralized to the peak (Hour 0) of a PGFM pulse (based on hourly samples) in the E2 group, a decrease (P , 0.03) in P4 occurred between Hour À2 (10.3 6 0.9 ng/ml) and Hour 0 (9.1 6 1.0 ng/ml) based on paired t-tests (not shown). A decrease that approached significance (P , 0.06) 924 occurred between Hours À1 and 0. Temporal associations between the components of a PGFM pulse and P4 were not obtained in the vehicle group. In the E2 group, a transient increase and decrease in P4 or LH concentrations was not detected during the first 1.25 h of a PGFM pulse, based on samples collected every 0.25 h (Fig. 3) . When P4 and LH concentration profiles were centralized to the 0.25-h that was nearest to the peak of a PGFM pulse, the differences among hours (Hours À1.5 to 1.5) were not significant (no hour effect). However, on the basis of paired t-tests, a decrease (P , 0.003) in P4 occurred between Hours À1.25 and À0.5. For LH, an increase (P , 0.05) occurred between Hours À1 and 0 (peak of PGFM) followed by a decrease (P , 0.05).
For comparison of LH in blood samples collected at 0.25-h versus 1.0-h intervals in the vehicle group, there was an hour effect (P , 0.0001) and a group effect that approached significance (P , 0.1), but the interaction of interval by hour was not significant (Fig. 4) . Concentration at the LH peak (Hour 0) was greater (P , 0.008) for the 0.25-h intervals than for the 1-h intervals. The number/8 h and hour of location of CV-identified LH episodes was the same for samples collected at 0.25-h and 1-h intervals in 14 of 15 (93%) episodes in the vehicle group and in 10 of 13 (77%) in the E2 group (no difference between groups; P . 0.1). Totaled for the two groups, 24 of 28 (86%) of the LH pulses that were detected by 0.25-h intervals were detected also by 1-h intervals.
The 0.25-h intervals were used for characterization of LH pulses and for temporal comparisons between LH pulses and the profiles of P4 and E2 concentrations. Pulsatility of LH was detected (P , 0.05) in six heifers in the vehicle group that had two CV-identified pulses during an 8-h session and not in four heifers that had only one CV-identified pulse. Pulsatility was not detected (P . 0.05) in any of the 10 heifers in the E2-group, owing to six heifers with one pulse and four with irregular intervals between pulses. Concentrations of LH in CV-identified pulses from Hours À1 to 2 centralized to the LH peak (Hour 0) showed an effect of hour (P , 0.0001) and an interaction of group (vehicle and E2-treated) by hour (P , 0.002; Fig. 5 ). The interaction reflected greater LH concentration in the E2 group than in the vehicle group at Hours À1.0 (P , 0.05), À0.75 (approached significance, P , 0.07), À0.50 (P , 0.01), and 2.0 (P , 0.02), and a lower concentration (approached significance, P , 0.06) at Hour 0.25.
The discrete characteristics of LH pulses for blood-sampling intervals of 0.25 h and the probabilities for a difference between groups are shown for the vehicle and E2 groups ( Table 1 ). The concentration in the E2 group compared to the vehicle group was lower for amplitude and for area under the curve and was greater at the beginning and ending nadirs. The interval between pulse events was shorter in the E2 group than in the vehicle group for peak to nadir, beginning to ending nadirs, and for peak to peak between adjacent pulses. Concentration of LH at the ending nadir was greater than at the beginning nadir in the vehicle group (P , 0.004) and approached being greater in the E2 group (P , 0.1). The number of LH pulses/8 h was not different between the groups. An illustration of the differences between vehicle and E2 groups in the characteristics of LH pulses, based on the data in Table 1 , is shown (Fig. 6) .
The peak of detected LH pulses from a blood-sampling interval of 1 h occurred at the same hour as the peak of a P4 fluctuation in 77% of 13 LH pulses in each of the vehicle and E2 groups. Based on 0.25-h sampling intervals, the temporal relationship between the peak of an LH pulse and the associated P4 fluctuations was not different between groups and therefore the groups were combined. The peak of 28 LH pulses occurred during the following portions of the P4 fluctuation, including P4 fluctuations that did not qualify as a CV-identified fluctuation: nadir, 14%; ascending portion, 68%; peak, 14%; descending portion, 0%; and no P4 fluctuation, 4%. In both the vehicle and E2 groups, the ascending portion of a pulse of LH and the associated profile of P4 began as a mean nadir of P4 at Hour À0.5 relative to the LH peak at Hour 0. Actual nadirs in individual LH pulses indicated that the LH nadir occurred at a mean of 0.07 h (4 min) before the nadir of the P4 profile in each group. The mean peak of the P4 profile occurred 0.25 h after the peak of the LH pulse in each group (Fig. 7) . The P4 profile centralized to the peak of LH pulse showed only a difference among hours (P , 0.0001) in the comparison between the vehicle and E2 groups (Fig. 7) . However, in the separate analyses of the components of the P4 profile, the ascending portion showed no significant differences between groups and the peak approached beginning to be greater (P , 0.1) in the vehicle group. The descending portion showed an hour effect (P , 0.0001) and an interaction of group and hour (P , 0.004). The interaction represented a crossover in P4 concentrations between the vehicle and E2 groups (Fig. 7) , owing to a greater (P , 0.05) decrease between the peak of the P4 profile at Hour 0.25 (relative to the 
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LH peak) and Hour 2.0 in the vehicle group (2.2 6 0.4 ng/ml) than in the E2 group (1.2 6 0.4 ng/ml).
In the comparison of detection of P4 episodes with 0.25-h versus 1-h sampling intervals, only the hour effect was significant (Fig. 4) . In the vehicle and E2 groups, 9 of 18 and 8 of 22 episodes, respectively, that were detected by 0.25-h intervals were detected also by 1-h intervals (total, 17 of 30; 57%). The characteristics of CV-identified P4 fluctuations were not significantly different between groups, and the combined data are shown for the samples collected at 0.25-h intervals (Table 2 ). Pulsatility in P4 was detected (P , 0.05) in only 1 of the 20 heifers.
In the E2 comparisons of 1-h versus 0.25-h sampling intervals in the vehicle group, only an hour effect (P , 0.0001) was detected (Fig. 4) . A total of 40 CV-identified E2 fluctuations were detected by 0.25-h sampling intervals, whereas only 16 were detected by hourly intervals (40%). The pulsatility test for E2 fluctuations, including those not detected by the CV methodology, indicated that pulsatility occurred (P , 0.05) in only 1 of the 10 heifers in the vehicle group. Concentrations in the E2 profile centralized to the peak of an LH pulse were different (P , 0.0001) among 0.25-h intervals (Fig. 8) . Concentrations increased (P , 0.005) between Hours À0.25 and 0.25 (relative to the LH peak) and decreased (P , 0.007) between Hours 1.0 and 1.75. These increases and decreases occurred in each of the 10 heifers. Maximum concentration of E2 occurred at Hour 1 relative to the LH peak (Hour 0). The range for the maximum E2 value during the hours after the LH peak was Hours 0.5 to 1.75. To illustrate the variability in the temporal relationship among hormones, LH, P4, and E2 concentrations are shown for each of five heifers that had two approximately complete LH pulses during an 8-h session (Fig. 9) .
DISCUSSION
The stimulation of PGF secretion in cattle by administration of E2 one to several days before the expected onset of spontaneous luteolysis has been demonstrated previously [7, 8] . Based on blood samples collected at hourly intervals, E2 treatment during preluteolysis (day 14 after ovulation) induced prominent pulses of PGFM [6, 11] . In the present study, the E2 treatment was followed by elevated mean PGFM concentrations and one or two prominent CV-identified PGFM pulses during an 8-h session. The pulses were not synchronized among heifers, consistent with the previous reports [6, 11] .
Treatment with PGF induces a transient increase in P4 within 10 min followed by a gradual decrease to pretreatment concentrations by 30 min (see Introduction). Based on sampling every 15 min (i.e., 0.25 h) in the present study, a transient P4 increase was not detected during the initial 1.25 h of the PGFM pulse. The hypothesis of a transient increase in P4 during the initial portion of a PGFM pulse was not supported.
Recent studies (see Introduction) have demonstrated that P4 decreases and then increases within the hours of an induced, simulated, or spontaneous PGFM pulse. The reported intrapulse suppression in P4 at the peak of an induced PGFM pulse was confirmed with the hourly samples in the present study, but the P4 increase after the PGFM peak was not significant. The present results with blood collection every 0.25 h indicated a more precise temporal association between the PGFM peak and P4 suppression than was possible in previous studies that used hourly blood collections. Concentrations of P4 decreased initially during the ascending component of a PGFM pulse (Hours À1.25 to À0.50; Hour 0 ¼ peak of PGFM pulse). Mean P4 ceased to decrease when LH was increasing during Hours À0.5 to 0 of the PGFM pulse. The LH profile that indicated an LH maximum at the hour of the PGFM peak should not be confused with an LH pulse. The peaks of the LH pulses that   FIG. 3 . Mean 6 SEM concentrations of PGFM, progesterone (P4), and LH centralized to the beginning nadir of PGFM pulses (left) and to the peak of PGFM pulses (right) in heifers treated with 0.1 mg estradiol (n ¼ 10). Concentrations of P4 and LH did not change significantly when centralized to the nadir. Means with differences (P , 0.05) between the indicated hours in concentrations of P4 and LH centralized to the peak of PGFM pulses are shown by an asterisk (*).
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contributed to the LH profile occurred at Hours À0.5 to 0.75, representing the variation between LH and the effect of PGF on P4 concentrations. The PGFM, P4, and LH interrelationships that were found by 0.25-h sampling were unexpected and are considered to be observations that will require confirmation.
Although less precise, hourly sampling has shown that a positive effect of LH pulses on P4 concentrations occurs between Hours À1 and 1 relative to an E2-induced peak of a PGFM pulse [11] , during a spontaneous PGFM pulse [18] , and in association with the rebound of P4 that occurs near the end of a 2-h infusion of PGF to simulate a PGFM pulse [16, 43] . It has been proposed that the luteolytic effect of PGF is balanced against a luteotropic effect of LH based on hourly temporal relationships among PGFM, LH, and P4 [20] . The present results indicated that the relationships among PGF, LH, and P4 during the hours of a PGFM pulse are sensitive in that the responses occurred within 15 min. However, reservation is needed because the LH and P4 changes centered on the PGFM peak were indicated only by paired t-tests.
A novel finding was the smaller CV-identified PGFM fluctuations that were superimposed on the PGFM pulses and also were detected when a pulse was not present. Approximately four of the small fluctuations were detected during an 8-h session in each group. The CV-identified fluctuations were more prominent and more common in the E2 group than in the vehicle group and were more common during a PGFM pulse than during the absence of a pulse. The fluctuations did not occur rhythmically in any heifer in either group, as indicated by the negative results of the pulsatility test. These PGFM fluctuations may represent the actual secretion patterns of PGF, as suggested by reported PGF fluctuations in a uterine vein of ewes [44] , but further study is needed.
Frequent collection of blood samples (e.g., 10-or 15-min intervals) is needed for characterization of LH pulses in cattle   FIG. 4 . Mean 6 SEM concentrations of LH, progesterone (P4), and estradiol (E2) in the vehicle group for blood samples collected every hour or every 0.25 h centralized to the peak of an episode. Each hourly sample is the same as the first 0.25 h sample for each hour. The episodes were located independently for 1-h and 0.25-h intervals based on the CV of the episodes. The numbers above the x axes are for number of available 0.25-h samples, owing to the display of data only from nadir-to-nadir. The hourly samples were 93% efficient in detecting LH episodes, but only 57% and 40% efficient for P4 and E2, respectively. FIG. 5. Mean 6 SEM concentrations of LH and progesterone (P4) in vehicle and estradiol (E2) groups centralized to the peaks of CV-identified LH pulses (n ¼ 15 pulses/group) and P4 fluctuations (n ¼ 18 and 22 fluctuations in the two groups, respectively). The heifers in the E2 group were treated with 0.1 mg estradiol. An hour effect (P , 0.0001) and an interaction (P , 0.002) were obtained for LH, but only an hour effect (P , 0.0001) was obtained for P4. An asterisk (*) for LH indicates hours of a difference (P , 0.05), and a pound sign (#) indicates an approaching difference (P , 0.1) between groups within an hour. [25, 30] . However, when only the detection and location of a pulse is needed for a given study, as opposed to characterization of the pulse, an interval of 1 h is reliable, owing to the greater than 1-h period for the major portion of a pulse [22] . In the present and reported studies [22] , the hourly intervals well demonstrated that LH and P4 peaks occur at the same hour for most of the LH pulses. In the reported study, all of seven LH pulses were detected by 1-h intervals between blood samples. In the present vehicle and E2 groups, 14 of 15 and 10 of 13 pulses, respectively, were detected by sampling every hour. Although the lower detection rate in the E2 group was not significant, a lower rate of hourly detection would be a likely consequence of the lower amplitude and shorter pulse base (nadir to nadir) in the E2 group. This result emphasizes that the reliability of LH pulse detection by hourly sampling can be expected to change under physiologic and experimental conditions that alter the prominence of the pulse. In contrast to the high rate of hourly detection of LH pulses, the detection of P4 and E2 fluctuations by the CV method in hourly samples was only 57% and 40% efficient, respectively. The inefficiency in detecting episodes of P4 and E2 by hourly samples is a consequence of the narrow nadir-to-nadir interval for P4 and Table 1 . The heifers in the E2 group were treated with 0.1 mg of estradiol. Mean concentration and mean hour of occurrence are shown for the two nadirs and the peak. The dotted lines represent the base between the two nadirs. There were differences (P , 0.05) in concentrations between nadir 1 (N1) and nadir 2 (N2) within each pulse and between pulses in the length of the interval between nadirs.
FIG. 7. Mean 6 SEM concentrations of the profiles of progesterone (P4) in vehicle and estradiol (E2) groups centralized to the peak of LH pulses (n ¼ 15 pulses/group). The heifers in the E2 group were treated with 0.1 mg estradiol. The maximum value of the P4 profiles occurs at 0.25 h after the LH peak in each group. There were no significant differences in a factorial analysis of the ascending portion of the profile, and the difference at the peak approached significance (P , 0.1). There was an interaction (P , 0.004) for the descending portion; the rate of decrease in P4 was less (P , 0.05) for the E2 group than for the vehicle group. The inset superimposes the peaks to show the relative differences in the rate of P4 decrease between the two groups.
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E2 episodes and is shown in Figure 4 . In this regard in the vehicle group, the nadir-to-nadir interval for LH pulses was about 1 h longer than for CV-identified P4 and E2 fluctuations. Concentrations of both P4 and E2 influence the frequency of gonadotropin-releasing hormone (GnRH) pulses from the hypothalamus and regulate the release of LH from the anterior pituitary [45] . A temporal association between LH pulses and P4 fluctuations has been reported for Days 10-12 based on sampling every 10 min [25] . In the present study at Day 14, the mean nadir for LH pulses and P4 fluctuations occurred in synchrony 0.5 h before the LH peak. Thus, sampling every 0.25 h did not provide temporal information on whether one hormone stimulated the other. The nadir associations were not examined in the previous study [25] . The reported study at 10-min intervals [25] and the present study at 15-min intervals indicated that the P4 peak followed the LH peak at the next 
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sampling. The previous study [25] interpreted the occurrence of the P4 peak after the LH peak as an indication that the decline in LH appeared to cause a decline in luteal stimulation and therefore a P4 decrease. However, the decline in LH could also be attributed to a negative effect of P4 on LH when P4 reaches maximum. A negative effect of exogenous P4 on mean LH concentrations has been demonstrated [46] ; however, LH pulsatility was not considered, and the negative effect may have involved only the underlying concentrations that serve as a base for the pulses or by extending the interval between pulses. The positive effect of LH pulses on P4 concentrations has been demonstrated by removal of the pulses with an antagonist to GnRH [47] . The antagonist treatment resulted in fewer P4 fluctuations with reduced prominence and an increased length and variability between the peaks of P4 fluctuations. Although the P4 fluctuations were modified by LH pulses, partial independency from LH pulses also occurred. Rhythmicity in the P4 fluctuations was detected in only one of the 20 heifers in the present study, indicating apparent irregularity of P4 fluctuations. The positive effect of LH on P4 fluctuations likely involves the small luteal cells that develop from thecal cells [48] . Large luteal cells originate from granulosa cells and secrete large amounts of P4 even in the absence of LH stimulation. A negative effect of exogenous E2 on LH pulses was indicated by reduced amplitude and shorter interval between nadirs of an LH pulse in the E2 group. The negative effect of exogenous E2 on LH did not involve the LH peak but was indicated by the more rapid LH decrease after the peak, resulting in an 0.8-h shorter interval between LH nadirs in the E2 group than in the vehicle group. In this regard, the more rapid LH decrease during the descending portion of the LH pulse is well illustrated by the nadir-based diagrammatic presentation (Fig. 6) . The ending nadir is masked partly in the figure on LH pulses (Fig. 5) , owing to the use of continuous data at 0.25-h intervals for 2 h without regard to when nadirs occurred in individuals. A negative effect of exogenous E2 likely accounted for the shorter interval between the LH peak and nadir. The greater LH concentrations at the beginning and ending nadirs of LH pulses in the E2 group are consistent with the report [22] that LH concentrations are greater at pulse nadirs, pulse amplitude is less during the luteolytic period than during the preluteolytic period, and concentration at the peak is not different between periods. Considering the expected greater E2 concentrations in the E2-treated group in the present study, the reported changes in the characteristics of LH pulses can be attributed to greater endogenous E2 concentrations during luteolysis [22] . It is concluded that E2 had a negative effect on the descending portion of the LH pulse and apparently accounted for the reduced rate of decrease in the P4 profile. The negative effect of E2 on LH when centralized to the peak of an LH pulse is compatible with the reports in ovariectomized heifers that exogenous E2 decreases the mean LH concentrations by decreasing both the frequency and amplitude of LH pulses [49, 50] . In cattle [32] and sheep [51] , E2 treatment has a negative effect on the amount of pituitary LH mRNA.
The effects of estradiol on the secretion of LH can be positive as well as negative, depending on the concentration of E2 in blood, methods of administration, and time when LH concentration is determined following the administration of E2 [52] . Bolus administration of an estradiol dose that results in supraphysiological concentrations in the circulation initially inhibits LH secretion for several hours followed by an LH surge [53] . A positive effect of E2 on LH occurs when the E2 concentration is similar to the concentration during the follicular phase [52] . In this regard, administration of a single physiologic dose of E2 in heifers hastens the occurrence of the preovulatory LH surge. [53] . The preovulatory increase in E2 triggers the release of the LH surge in species with a rapidly developing surge of short duration. [54, 55] . Mares have a prolonged ovulatory LH surge, and a negative effect of E2 on LH has been demonstrated throughout the LH surge despite the increasing LH [56] . In mares, the negative effect of E2 on the LH surge after the loss of the negative effect of progesterone is believed to partly counter the continuing positive effect of season or extraovarian sources on LH [57] . These studies illustrate species differences and support the statement that E2 exerts either a positive or a negative effect on the hypothalamic-pituitary axis to regulate the synthesis of LH, depending on the stage of the estrous/menstrual cycle [58] .
The temporality between an LH pulse and the E2 profile in the present study provides further information on the LH/E2 relationship. The mean nadir in the profile of E2 concentrations occurred 0.25 h before the LH peak, and E2 increased more rapidly at the beginning of the LH peak. On a temporal basis, the E2 increase represented an apparent positive effect of LH on E2. This conclusion is consistent with the progressive increase in mean concentrations of both LH and E2 during the luteolytic period [21] . Studies in cattle on the LH/E2 relationship during follicle deviation (largest follicle ! 8.5 mm) indicate that LH has a role in an increase in E2 [59] . The near concomitance of the LH peak and E2 nadir in the present study differs from a study in heifers using 15-min sampling intervals during the growth phase of the first postovulatory follicular wave [60] . In that study, LH and E2 increased simultaneously during the 15 min before the preovulatory LH peak, and E2 reached an apparent plateau 15 min after the LH peak. These apparent differences in LH/E2 temporal relationships between the present and reported studies may involve different days of the estrous cycle or different species (Bos taurus vs. Bos indicus), but further study is indicated. The complex negative and positive interrelationships among LH, P4, and E2 cannot be resolved with the temporal data shown in the present study.
The transient increase in the P4 and E2 concentration when the peak of an LH pulse was used as the reference point reflects the variability in the temporality between an LH pulse and various components of P4 and E2 fluctuations. This variability can be appreciated by the presentation of LH and P4 concentrations and LH and E2 concentrations during an 8-h session in each of the five individual heifers that had two approximately complete LH pulses (Fig. 9) . The variability in the temporal associations among the hormones was obscured when mean profiles were used. Nevertheless, the temporal associations between an LH pulse and transient increases in P4 and E2 seemed consistent with the means in 10 of 10 and 9 of 10 LH pulses, respectively. The temporal relationships in individual heifers also show that transient increases in P4 (heifers A and C) and E2 (heifers B and E) can occur without an associated LH pulse (Fig. 9) .
In conclusion, a single treatment with E2 on day 14 after ovulation (preluteolysis) induced prominent pulses of PGFM. A transient increase in P4 was not detected during the ascending portion of the PGFM pulse. Concentrations of P4 decreased during Hours À1.25 to À0.5 (Hour 0 ¼ PGFM peak). The decrease ended in temporal association with greater concentrations of LH. Small CV-identified pulses (about four/8 h) were superimposed on a PGFM pulse but were not rhythmic as indicated by a pulsatility test. Pulses of LH were detectable by hourly sampling, but P4 and E2 fluctuations were not detected efficiently. Concentrations of P4 increased during the ascending portion of an LH pulse and began to decrease 930 0.25 h after the LH peak. Concentrations of E2 increased at the LH peak and began to decrease about 1 h after the peak. The E2 treatment was associated with less-prominent LH pulses and a reduced rate of decline in P4 after the peak of an LH pulse.
